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ABSTRACT

A ‘theoretical investigation of two possible high
power laser concepts has been made; one, an investigation of liquid
lasers and the other, an investigation of the nuclear pumping of
semiconductors.

Liquid lasers are attractive for high power
purposes since a large number of active ccnters per unit volume
may be obtainable. Furthermore, the cocling requirements and
the damage inflicted by pump radiation should bec greatly reduced
compared to solids. Nuclear pumping appears attractive as a high
power pump source due to the high specific"power levels which are
obtainable.

The physics of liquid lasers is investigated.
Both gain and loss processes are considered including stimulated
emission and losses due to diffraction, absorption, scattering, and
refraction. Two rare-earth doped halide systems are investigated

in detail. One system considercd employs A sClj (UCL,); herc an

3

ovtirmum threshold power of Q = 3.77 w/cm~ was computed whereas

for an AsCl3 (NdCl,) system an optimum threshold power of

Q = 1280 watts/cm~ was determined. The output wavelength should

be A= 2.46 micron using uranium and A = 1. 06 micron for neodynium.
A detailed study of possible laser action in

nuclear pumped semieonductors has been made.

It is known that laser action can be achieved by

free carrier injection into the junction region of a forward biased

direct gap semiconductor. Also free carrier generation by the

passage of nuclear radiation in matter is well known.
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On the basis of our analysis it appears possible to

achieve laser action by nuclear pumping in bulk direct gap semi-

conductors. Bulk free carrier threshold 1 ls are calculated
for intrinsic GaAs. The effects on the th hold due to donor
and acceptor levels are also included. Hig nversion efficiencies

appear possible. The degration of performance due to radiation
damage appears to be the major uncertainty

On the basis of our studies it is felt that experimental
work should be initiated, Consequently we have suggested a

demonstration experiment.
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GENERAL INTRODUCTION

This report presents work conducted under a study Contract No.
NONR-4124(00) with the Qffice of Naval Research. MHD Research,

Inc. was the prime contractor and Terra Nova, Inc. was the principal
subcontractor.

The contract consisted of a study of two aspecfs of laser physics.

Part A is concerned with the investigation of physics of liquid
lasers, and possible ways of making such a laser including a study of
various pumping techniques with emphasis on photonic and nuclear
pumping.

Part B is concerned with a detailed study of the nuclear pumping
of semiconductors,

Finally, a third part (Part C) is presented which contains recommenda-
tions for further work in these areas.

Mention should be made of the contributions made by the several
physicists associated with this effort.

Dr. Jozef Eerkens originated the concept of nuclear pumping, and
the present contract was a direct result of a proposal submitted to the
Office of Naval Research prepared by Dr. Jozef Eerkens and Dr. Francis
H. Webb., Dr. Francis H. Webb of MHD Research, Inc. was the principal
investigator on this contract. Dr. Webb and Dr. Paul Levine (consultant
to MHD Research, Inc.) jointly prepared the section concerned with the
nuclear pumping of semiconductors (Part B). Dr. Eerkens of Terra Nova,
Inc. prepared the Part A on liquid lasers. Dr. Paul Thiene of MHD
Research, Inc. carried out more detailed calculations on the scattering
losses which may be encountered in liquid lasers: this material is

attached as Appendix I to Part A.

ix
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PART A

THE PHYSICAL THEORY OF LUMINESCENT LIQUID LASERS

BY:

Joseph W. Eerkinsg

1. INTRODUCTION

In this section an investigation of the lasability of certain
liquids is carried out. In the first section a discussion of the macro-
scopic theory of lasers is presented. This section is followed by a detailed
examination of the losses which may be encountered including such pro-
cesses as diffraction losses, absorption losses in the medium, scattering
losses, and refractive losses. The discussion on losses is followed by
an examination of the conditions which must be present in order to achieve
photon multiplication by stimulated emission. Finally, a discussion of
two promising laser liquid systems employing AsCl

(UCLl.) and AsCl (NdC13)

3 3) 3

is presented.
Aﬁpendix I is included which presents a more detailed
discussion of the scattering losses which may be encountered in liquid

lasers.
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g MACROSCOPIC THEORY OF LASERS

2.1 Basic Photon Processes and Conditions for Laser Action

Rather than following a rigid wavc mechanical or quantum
point of view for photon interactions, we shall treat these processes such
that they can be easily visualized but still maintain all features of rigorous
theory.

A photon possesses four (4) basic properties which completely

identify it in a laser, namely,

1. Energy (or frequency, or wavelength)
Zh Direction of travel

3. Phase

4, Polarization

In passing through a laser medium, a photon may interact
with the medium in a number of ways such that one or more of the above
properties are changed. In fact, we shall define an interaction as an event
which alters the magnitude of one or more of the basic photon properties
listed above.

In lasers, one is interested in generating a beam of photons
whose four basic properties arc as closely identical in magnitude as
possible. The closer these magnitudes, the more coherent the beam is.
The following interactions or processes may be experienced by photons
traveling through a laser resulting in the enhancement or decrease of
coherence:

Gainful Processes:

(1) Multiplication by stimulated emission.
For each photon striking an excited luminescent
center in a pumped lasing state, a second
photon with identical four basic properties is

created.
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(2) Multiple Reflection through 360°.

Photon energy remains the same. Phase
direction and polarization are changed in

steps {through two or more reflections)

until the total cthange is 360 and the multiply
reflected photon possesses the same direction,

phase and polarization as before.

Loss Processes:

(1) Transmission:
Photons are lost from the system by passing
through the laser reflector or other houndaries.

(2} Removal Reflection:
hotons may be reflected at interfaces or
boundaries at such an angle that they can never
return to the original direction of tra.c¢! or
regain their original phase and polariza‘ion.
Photons are lost.

(3) Refractive Losses:
Due to inhomogeneities in the lascer medium
photons change their direction of travel and
are eventually lost.

(4) Absorption:
Photons are annihilated (reculting in heat) due
to absorption by atoms or molecules of the
liquid medium.

(5) Scattering:
Due to the presence of scattering centers in the
medium. photons change their direction of
travel and/or energy resulting in a loss of the

photon from the lasing beam.
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(6) Diffraction:

Due to the wave nature of photons, a loss

in coherence occurs between photons

traveling over some distance. Changes in

energy, direction, phase, and polarization

all take place.

Let a photon beam of & photons/crn2 sec travel along the

axis of a cylindrical laser (geometry will bhe discussed in more detail in
Section 2.2). The the net gain or loss of photons after traveling a distance

dx in the laser medium is given by:

2.1.
P ke . KD - KDP-KD-KOD (2.1.1)
dx 1 a r s d

where

Kl = Multiplication Factor (by stimulated emission)

Ka = Absorption Factor

Kr = Refractive Loss Factor

KS = Scattering Factor

Kd = Diffraction Factor

Integrating, we find that the loss or gain of photons in the

laser medium is given by:

d(x) = Cboeax (photons/cmz. sec) (2.1.2)

where

=K -K -K -K -K cm (2.1.3)
a T s

d’
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We shall be primarily concerned with cylindrical lasers of length
L. with spherical end reflectors (see Section 2.2) and axial laser beams.
For this geometry, a steady build-up and oscillation of laser photons
will result if after one pass through the laser medium, enough photons
have been added through stimulated emission to make up for absorptive,
dispersive, etc. losses and for the transmission and loss of photons upon

reflection from the reflectors. Quantitatively, we may express this

condition as:

b, :_lé (2.1.4)
\JRIRZ
where
R = "RIRZ = geometric mean reflectivity of the
two end reflectors whose reflectivities are {2.1.5)
Rl and RZ'
L = Length of Laser
The gain per round-trip passage (two traverses) through
the laser is given by:
2{oL -
Y CERLY (2.1.6)
where we define:
£=-InR . (2RI
In order to have photon multiplication, the exponent in (2. 1. 6)
must be larger than zero. Thus, the condition for laser action may be
expressed by the Critical Laser Equation:
o2 £ (2.1.8)
L
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or substituting Equations (2.1.3) and (2. 1. 8):

. In R W
> K PR ettt
| Ki’ P\d+ K1-+K5+Kd T ; (2.1.9)
. . | ~
If R is close to unity, In (—§-)~1—R—1- ‘,RlRZ’ and:
l—"RlR2 ‘
K2K +K +K +K + ——— (2.1.10)
1 a r s d L

Most of the interaction processes discussed above take
place between centers or impurities and photons. In this case, the K

factors can be expressed in terms of cross-sections:

1
K =N , 2.1,
o, (=) (2.1.11)
where
N = Concentration of centers of impurities per cm
. . . . Z
o0 = Interaction cross-section of center or impurity, cm.

it is the object of a large portion of the remainaer o1 this
report to determine quantitatively the magnitude of the various K factors
and how they are related to pressure, temperature, and microscopic
properties of the laser medium. The most important factor is Kl’ the
constant that causes photon multiplication by stimulated emission. The
value of Kl depends in a complicated way on the pumping energy that is
provided to maintain a population inversion of excited luminescent centers

and on the various mechanisms which effect the population inversion.
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After relations for the various K factors have been derived,
it will be possible to determine from Equation (2.1.9) or (2.1.10) whether
a given laser medium (in conjunction with a certain pumping technique)
can be lased, and what the "threshold pump energy' must be. This will
be done in Section 8 for a number of selected liquid lasers.

2.2 Geometric Considerations

So far, we only considered the material or physical effects
of the laser medium on a photon and under what conditions the medium
becomes multiplicative. In addition to these effects, one must also con-
sider the laser's geometry before a complete determination can be made
of what photons will lase and in what manner.

In the previous section, we identified a lasing photon by
its energy, phase, etc. Actually the quantum of energy emitted due to
the stimulated jump of an electron from the upper lasing level to the lower
lasing level, has an uncertainty A(hv) associated with it which defines a
small band of photon energies rather than one. This frequency width AV
or associated linewidth AX is primarily due to the vibration or motion of
the lasing center while emitting the photon. In the case of a gas, for

example, it can approximately be expressed as

1
1
AV _[BX\  11.19 x 107° 1.43x 107° T ok s
v)_ X)X * A
L (micron)

amu
L

(Natural Linewicfth) (Dopler Broadening)
(2.2.1)

4 2., . P
7.19 x 1011 (?m ) émlcron (atm)

+

T2 m?
where ~— (°K) (amu) -~
(PresSure Broadening)
= Photon wavelength (center}, microns

o
Temperature of laser gas, K

Atomic Mass Number of lasing center, amu

g o H o>
0

= Pressure of laser gas, atm
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[a a\V2
m = Reduced mass = (__a___ of lasing

A + A
a b
centers a with atomic mass Aa and other gas
atoms b with atomic mass Ab’ amu
0 = Gas - kinetic collision cross-section between

other atoms (ions, molecules)of the gas and the

lasing centers, cm

In solids and liquids, no general relations describing the
broadening processes have been derived yet. The subject is presenily
under intensive investigation. Most (-%—U-) values of lasing rare earth
ions in solids show a linear temperature dependence, but others show
very little dependence on temperature. The outer electrons apparently
shield the lasing levels which lie in the unfilled shells from extra-atomic
disturbances.

Since the lasing resonances have a finite linewidth, it is
of interest to determine if photons of all energies within this width are
equally excitable. At this point, it is necessary to examine the con-
straints of the laser geometry on the resonating lasing photon waves.

We shall assume that the lasér geometry will be cylindrical
as shown in Figure 2.2.1, and that the reflectors are confocal. This is in

many cases the most practical and advantageous shape for a laser

\\‘; \___’Z (\ 2t1
4
L——L/Z *L L/2 4"

Figure 2.2.1 Basic Laser Geometry
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For a cylindrical cavity, resonant electromagnetic modes

are given by the following solution of the wave equation:

2 2
K 2.2
( nm> +<7Tq> _ 4m X (2.2.2)
T L - 2
A
where q =0, 1, 2, 3 ..... , and Knm is the mth zero of the Bessel

function of order n. X 1is the refractive index and A is the wavelength.

The axial modes obtain when K =0 or
nm

2L X
A= ———
- (2.2.3)

These relations apply strictly for free space, but are still
quite accurate if the cavity isfilled with a material whose refractive

index X is in the neighborhood of 1 - 2.

Two consecutive axial-mode resonances (qm + 1 %9 " 1)

are separated by the wave number:

) 1\ 1
AN)T ZTX (2.2.4)

or
08 R N |
X )] 2LX ¢

c (2.2.5)

AX A -
Values of(-x-)C of typical geometries are on the order of (7\—}\—)6%10 e

for the visible and near-infrared. The relative width of the lasing lines of
most ra ¢ earth luminescent centers is on the other hard (%&)L:,:',IO—4 at

T = 300°K. Thus the frequencies of the lasing photons are determined by
the geometrically allowable modes and not by the physically allowable

frequencies. Figure 2.2.2 illustrates this situation.

10
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— Georngotricall allowahln

axial rnod’ s

S Plersicalls sllowalble

/ rod:

Figure 2.2.2 Comparison of Geometrical and Physical Modes
for Geometry-Controlled Lasing

When laser action occurs, the geometrical mode nearest the center of the
physical resonance peak will be the first to deplete the physically available

inverted centers, causing so-called "hole-burning' in this center mode and
effecting a change in the relative peaks of the geometrical modes. For our

present discussion these effects are secondary however.
In gaseous lasers at pressures of a few Torr and at room
temperatures, the relative linewidth of the lasing resorance is —A;\Z\—Lr_;lo-

and thus of the same order as the geometrically allowable distribution.

6

This situation is depicted in Figure 2. 2. 3.

— 2. aliowa riiod
1y {4 { \
" \ 4 b ] \ — omeir.a owvahle
’.‘ : P / mo-
| 1 \
! —g Idl‘ hdx\r“ \
/ , L :
] \ .
2 S - =< -
) —
Figurc 2.2.5 Comparison of Geometrical and Physical Modes
for Physics-Controlled Lasing

11




l\'I I 1D research, inc.

In this case, the distribution of lasing photon frequencies is
determined by the physics of photon emission of the luminescent centers.

Aside from the allowable modes, the geometry of the laser
also determines the spatial distribution of the amplitude of the oscillatin,
laser beam. Boyd and Gordon (B1l) showed that the transverse distribution

of the amplitude follows approximately a gaussian distribution given by:

T
= (g Bl S A ( '—é) (2.2.6)
W
where:
(22
W= S L (2.2.7)

The center of the cylindrical laser is assumed to be at z = 0, r = 0, and

the confocal refleciors are at z = L./2.

3. DIFFRACTION LOSSES

3.1 Plane Reflectors

In earlier lasers, plane reflectors were used at the ends of a
cylindrical laser rod. For plane reflectors, it was determined by Fox and Li
that for values of NFﬁ 50, diffraction losses will become appreciable. Here
N_. is defined as:

F
N - a2 X
F )L (3.1.1)
where:
a = reflector diameter

= refractive index of laser medium
I. - length of laser

A = lasing photon wavelength

12




M HD research, inc.

For ruby and rare-earth lasers, NF ~ 1000, and

diffraction losses may be neglected. The Helium (Neon) laser on the
other hand NF ~ 50, and a diffraction loss of about 0. 1% per pass
will occur for the axial mode. Figure 3.1.1 shows the calculations of

Fox and Li of diffraction losses for other values of NF'

Most recent lasers employ confocal reflectors instead
of plane reflectors. These are discussed in the next section.

3.2 Confocal Reflectors

For confocal reflectors, the diffraction loss was calculated
by Boyd and Gordon (Bl). For axial modes they found that the diffraction

loss per transit is approximately given by the equation:

-4.94N
K Lmx1l-m. =10.9 x 10 F
d N4 (3.2.1)

or 10 4.94
K =2 x 107 M NF

(3.2.2)

where NF is given by (3. 1.1), Kd is the average diffractive loss factor

discussed in Section 2, and M4 is the efficiency of '"'mon-diffraction' per

laser transit. Since in nearly all practical lasers, N > 1, we find that

F
diffraction losses are negligible in confocally reflected lasers, that

Kd:Oand ‘r]d=l.

4. ABSORPTION

4.1 General Discussion

The absorption of photons by atoms and molecules of the
host liquid is best treated by modern dispersion theory (M1). In this
theory, two types of absorption are considered, namely that due to
resonances of bound valence electrons and that due to the dissipation by
free conduction band electrons. The first type of absorption shows large

maxima for certain bands of prhoton wavelengths, whereas the second

13
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effect increases quadratically with the wavelength. The two types of
absorption are most conveniently treated separately.

In addition to absorption of photons by the liquid medium,
absorption of laser photons by the lasing luminescent centers occurs also.
However, we shall treat this type of lasing absorption separately in
Section 6, under photon multiplication. The net balance of stimulated
emission and absorption of lasing photons by lasing centers, constitutes
the laser mulrgiplication coefficient.

In general, resonant absorption can occur through three

types of interactions between photons and the medium:

1. Electronic
2. Ionic
3. Dipolar

The electronic interaction is one in which a bound electron
is set into oscillation by the photon's electromagnetic field. The atom
or molecule to which the electron belongs remains stationary in this
interaction. In ionic interactions, negative and positive ions oscillate
relative to each other, while in dipolar interactions, molecules with
permanent dipoles are directed along the photon's electromagnetic field
from previously random orientations.

The energies and frequencies that are required to effect
electronic interactions lie in the near-infrared to ultraviolet portion of the
electromagnetic spectrum. Ionic interactions take place in the far infrared
regime while dipolar effects play a role for photons in the UHF to micro-
wave portion of the spectrum. In most ordinanry lasers, we have thus only
to consider electronic interactions.

In the following, we shall first treat resonant absorption by
valence electrons, and then absorption due to conduction electrons. Since
in dielectrics only the first type of absorption occurs, and the latter is
predominant in conductors, they are commonly referred to as dielectric and
conductor absorption. Since the liquid host media that we are considering

are semi-conductors, both types of absorption must be examined.

15
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4.2 Dielectric Absorption

Upon solving the equation of motion of a bound electron
in the photonic electromagnetic field, one finds for non-conducting (di-

electric) media (M1) that:

(Nezf_/me‘) (w, -w )

2 2 _ J O J 4.2
n'K‘l—E: 2 52, 2 2 (4.2.1)
: W, "~ w w g.
J ( J J
2
(Ne fj/meo) ng
2n) = (4.2.2)
nk Z z 22, 22
] (wj -w) +wag
where:
¥ = n - ik = Complex Refractive Index (4.2.3)
w = 277Y = Angular Photon Frequency
w. = Resonant Frequency of j electronic oscillator
N = Scattering Molecules or Atoms per cm
e = Electronic Charge
m = Electron Mass
EO = Dielectric Constant of Free Space
53 = Damping force constant for jth electronic oscillator
f1 = Oscillator strength of jth electronic oscillater
wj = wo, the other terms of the summation in (4.2:2) are often negligible,
and we may write approximately:
2R Nezf w w
-k -1 =|—9 Q -
" me z 22 22 (4.2.4)
o (g ~w) + @ g
Nezf weg (4.2.5)
2nk = | ——=0 o
me 2 (o2 22
o 0 -w Y Lo
\ /N o ' o /
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The absorption coefficient Ka (see Section 2.1) is related

to the complex portion of the refractive index by the relation (Ml):

Ka = 2wk/c = 47k/A

(4.2.6)
If the refractive index n is known, we may obtain Ka
directly from Equations (4.2.5) and (4. 2.6):
/
K ) =25 = us o =
al n 2 o 2 22, 2 2]
mc e (0 -~w) +wg
o o o}
f N we
-3 o e -1
= 8.45 x 10 (n) (wz w2)2+ wz 5| cm .
. & (4.2.7)
For frequencies away from resonance ( w<<w), where
o
k<< nand g c)<<w0, we find from (4. 2. 4):
2 Nezfo) 1
n -1-= 5
me, w (4.2.8)

(o}

Thus if n is given we may calculate w, or A o from (4.2.8), and
vice versa. It turns out experimentally that (4.2.8) gives values for )‘o
that are too high by a factor of about 5.4 for most halides. Good agree-

ment with experiment is obtained if one uses the semi-empirical formula

2 1
6 [n" -1V '
Xo =2.2x10 <Nfo> y Cm (4.2.9)

* We use the subscript v on Ka to indicate absorption by valence electron,
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" angle as shown in Figure 4.2.1. From (4.2.15), and the measured value of

MHD research, inc.

which is lower by a factor of 5.4 than the relation obtainable from (4. 2. 8).
The value of g, is approximately equal to the width AV of
the resonance peak at half-maximum. Typical values of Ay / v, in the
resonance region are on the order of 10—4, so that approximately
8o ™ 10_4 w- For fo we may take approximately the number of valence
electrons that can be excited in the resonance.
We shall be interested in AsClﬁ as a liquid host for lasable
rare earth ions. The structure of AsCl3 is similar to liquid NH3, that is it
consists of a triangle with chlorine ions centered on the corners and an

O .
arsenic ion at the center, approximately 0.69 A above the plane of the tri-

n=1.621, we obtain )\O = 2600 X corresponding to an energy of 4. 76 ev.
The gap between the valence and conduction band of the Cl ions is
estimated to be Eg ® 9 ev, so that the first excited level appears to lie
half-way between the band-gap, as is reasonable to expect.

For the passage of neodynium-lased photons of 1.06
microns through AsCl3 we calculate from (4.2.7), using g, =" 26 x 101}
sec_l, w, = 7.26 x 1015 cps, N =7.19 x 1021 cm—3, and fo = 3, that
(Ka)V o114 cm—l.

4.3 Conduction-band Absorption

Absorption losses due to photon interactions with conduction

electrons may be expressed by Drude's relation (M1):

/Azs N N 4
(h)L e Ly B - (4.3.1)

74 2
\-‘HT C ne, m_H mp ,up

where:

N = density of negative carriers,
cm

*The subscription ¢ on K, indicates absorption by conductor electrons.
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1. 38A

Dipole Moment = 1. 97 Debye 3
Density =2.163 gms/cm  at 20°C
Refractive Index = 1,621

Figure 4.2.1. Structure and Aggregation of Liquid AsCl3
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1

N = Density of positive carriers, 3
P cm
L . . cm
U = Mobility of negative carriers, ————
n sec esu
- . . cm
[u = Mobility of positive carriers, ————
p sec esu
m = Effective mass of negative carriers, gms
mp = Effective mass of positive carrier, gms
n = Positive part of the refractive index for

photons of frequency .

For laser photon wavelengths away from resonances, the

refractive index n may be calculated from (M1): 1
2 P
f

o= |1 . Nefg ( 1 )
meg, 2 2
Wy~ @ (4.3.2)

The mobility of charge carriers in non-polar (covalent)

crystals such as diamond, silicon or germanium has been calculated by Seitz:

1
1 /3
M2 3 NP M kel

5/ 6 5/ 3/

2 2 2 4,3.3
an (mg) °C® KT) SR
where: 1/

hy 2 3
) = Debye temperature = —;K—Q (67 N)
v, " = Velocity of sound
k = Boltzmann constant
N = Number of atoms per cm
M = Atomic mass >
h

m, = Effective mass =~ 2 2

‘ d"w/dk
W = Carrier energy )
k= Wave number of carrier
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¢ -2 lgraa |2dr - Bl
=5 Igr u = och constant.

Table 4.3.1 shows some experimentally measured values

of 4 in units of (cmz/sec volt).

TABLE 4.3.1

Room Temp. Arbitrary Temp.
Material My Hp Hn Hp WQ(OV) C(ev)
377 537

Si (polycryst) 300 | 100 [L5x10° T 3/% [sx10°T /%] 1.1

Si (single cyrstal 1200 250 o 1l

Ge 3600 1700 |19 x 107 77372 lox10® 1732 0.7 bs
PbTe (single cryst)] 2100 | 840 0.63
Diamond 6-7

Typical effective mass ratios m*/m vary f rom 1 (for the alkaline metals) to
30 (Nickel, Platinum). Here m is the actual electron mass.

Values of (Ka)c for InSb, with carrier concentrations of
Nn = 3.5x lO7 per cr:n3 are shown in Figure 4. 3. 1. Though AsCl3 does
not quite fall in the same Clags as the semiconductors, we may estimate its
conduction band abscrption coefficient from some of the values given for semi-

conductors. We estimate on this basis that (Ka)c for AsCl, is approximately:

3

-] 2 -
(K)zlo5x10 7)\ (N +3N),cm1
a n p

C

(4. 3. 4)

.. . . . 3
where A is in microns and N , N in carriers/cm”.
8l P
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(Photon Waveisngth A, microns)?
Figure 4. 3.1, Abksorntion Coefficient of InSb
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5. SCATTERING

5.1 Discussion

If scattering centers are present in the host medium, photons
will be removed from the laser beam by the scattering process. Scattering
centers are in general discontinuities in the homogeneous host medium.

The luminescent rare-earth halide centers dissolved in As 313 for ex-
ample present discontinuities which can scatter laser phocuns. Of course,
these same centers absorb and re-emit the lasing photons very strongly
also. It is important to determine the scattering effect, however, and
establish whether it is excessive relative to the multiplication effect.

In addition to the luminescent centers, macromolecular
and other impurities might be present which will cause scattering losses.

The scattering laws change considerably in going from
photon wavelengths less than the dimensions of the scattering center to
wavelengths larger than the scatterer, as shown in Figure 5.1.1. For large
macromolecular scatters, the cross section is equal to the scatterer's
geometric proiection perpendicular to the laser beam, provided that the
scatterer is not transparent to the photon. For scatterers of the same
dimensions as the phot.n wavelength, Mie showed that (VI) the cross-
section changes rapidly through successive maxima and minina (see
Figure 5.1.1), while for sub-wavelengtli dimensions the cross-section is
given by Rayleiéh's scattering laws,

We shall assume that great care is taken in removing all im-
purities from the liquid host medium and that the primary source for scatter-

ing will be the presence of the luminescent centers. The dimensions of

various rare earth ions are given in Table 5. 1. 1.
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~ Royleigh region Mie or resonance Optical
v 0.1 regian region —
g 3
0.0tk .
-_l
0.001. L J
0 02 03 0405 08 10 2 3 4 56 810 20
Circumference / xavalength = 272 /A
FIGURE 5.1.1 Scattering Cross-Section for Spherical

Particle of Radius a; A = Photon Wavelength
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TABLE 5. 1.1 Ionic Radii
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A\ 4 UJ

ION RADIUS (A) JON RADIUS (A)
c1 1.81 Nd 3+ 1,15
A 3+ 0.69 Dyl 1.27
B3 0.26 B 1.07
y3t 1.12 Tm?t .24
For? 1.33 Tmot 1.04
s>t 1.13 Hoot 1.05
pr3t 1,16 Ty 1.04

It is clear from the table that for lasing Neodymium photons
of 10,6000 Angstroms, for example,Raylegh scatiering will apply, and the
same situation holds true for nearly all photons in ordinary lasers. We

shall limit therefore our remaining discussions to Rayleigh scattering.

5.2 Rayleigh Scattering

For Rayleigh scattering in which the scatterer's dimensions
are much smaller than the photon wavelength, Lord Rayleigh calculated for

the scattering coefficient:

4 4 4
‘K = 1 Nf, e Ao _
s 2 2 4 4
6T € m ¢ A
° (5.2.
-1
= 0.421 x 1020 Ned (/0% em
where:
N = Number of scattering centers/crn3
0 = Density of scattering centers, gms/cm
fo = Number of oscillating electrons per
scatterer & 7 of scatterer
A = Atomic mass number of scatterer
m = Electron mass
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c = Velocity of light

Fundamental Resonant Wavelength

Photon wavelength

> &
I

For a solution of mole {raction y of Nd Cl3 in As’313,

0
assuming that )\Oz 1000 A, fo = 3, and with &2 AsCl3 density of

2 ,
7.19 x 10 1 molecules/cmS, we obtain for 1.06 micron photons:

-7
KS-2.45x10 y cm-1 (5.2.2)

From (5.2.2) we sece that scattering by luminescent
centers won't be a serious problem even for theoretical mole fractions
up to 100%.

6. REFRACTIVE LOSSES

6.1 General Discussion

When pumping heat is deposited in the host liquid of a
laser, thermal and density gradients will be set up which will cause
variations in the refractive index. This will cause laser beam photons
to bend away from the axial direction and consequently produce losses.

Aside from inhomogeneities produced by heat, other
inhomogeneities may exist due to the formation of domains or clusters
in the host liquid. For example ASCJl3 is a pyramid-shaped symmetric-top
molecule with a dipole moment. T1hese molecular dipoles may form
domains in which all dipoles are aligned in a certain direction. From an
examination of the liquid structure, it appears more likely however that
successive neighboring molecular pyramids have their tops alternatively
up and down. The base triangles (with a Cl- ion on each corner) form
close-packed hexagonal layers between which the As3+ ions are nestled.
In this case dipole domain formation will be suppressed. At present no
experimental data are available which will verify either one of these

liquid structure models.
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In the following we shall make an estimate of the refractive

losses due to uniform heat generation in the host liquid.

6.2 Refractive Losses Due to Laser Heating

Heat deposited in the laser medium will in general be
transferred by the three mechanisms of conduction, convection and
radiation. The laser liquid may be convectively cooled by continuous
circulation or the liquid may be stagnant and heat is transferred by con-
duction and gravity-induced convection. The latter situation is undesirable
since it creates irregularinhomogeneities. Only in pulsed operation is it
possible that laser action takes place before thermal convective effects
disturb lasing conditions.

We are only interested here in obtaining an estimate of the
effects of heating on laser action. We shall take,therefore,a simple steady-
state temperature distribution for volumetrically heated media, and
determine the refractive losses caused by the density gradient. Move
complex cooling and heating distributions can best be analyzed on a case-
for-case basis; the present analysis can serve as a guide for more
complicated situations.

The radial steady- state temperature distribution in a pure

conduction- cooled cylindrical internally-heated medium is given by

Q 2 2
- == - 0<
T (x) Ta IR (a r ), for 0<r<a (6.2.1)

where
T(r) =  temperature at point r from the center of
. o}
the cylinder, K
a = temperature at boundary of cylinder, °K
Q = heat source, cal

sec X Ccm
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K =  thermal conductivity of cylinder, cal/cm
x sec °K
a = radius of cylinder, cm
r = radial distance from center of cylinder, cm

The temperature distribution will induce a density distribu-

tion given by:

1
N(r) = Na[l T AT () - Ta):l =
B a[l +y(a®- 9| =
Na<1 -y (@f - rz)) (6.2.2)
where

QB -2
Y = _—, C

e m (6.2.3)

B
N

volumetric coefficient of expansion, 1/OK

atoms or molecules per cm3

The subscript a refers to values at r = a. In the above
it is assumed that the liquid is free to expand. In other words the pressure
remains constant in the liquid.

To calculate refractive losses due to the inhomogeneocus
distribution given by (6. 2. 2), consider a cross-sectional slab of the laser

medium of thickness dz, as shown in Figure 6.2. 1.
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!
> T"“‘x
' A
o |
= — P
— : v

Figure 6.2.1 Geometry of Scattering by Thin Layer

Let the electric vector of the incident wave have unit amplitude so that
Ei =sin{(2m z /X ), and let the fraction of the scattered wave that reaches
point P be E. . Then if the fraction of the incident wave that is scattered

S
is small, we have that the total electric vector at P is approximately:

E. . = E + };S . (6.2. 4)

Now the scattered energy is proportional to the scattering

cross-section § of the scattering atoms or molecules, and therefore

1/2

3 . e
Es°<‘ o If there are N scafterers per cm™, the scattering contribution

at P by scattering events in the annulus 27 r dr dz is given by:

dE = N01/2, . Sin(ZTrR . 2nrdrdz
.s A R (6.2.5)

Now the density of scatterers varies in accordance with Equation (6. 2. 2),
so that the total scattering contribution at P from the slab of thickness dz
a
2 2
1/2 1~ -
E =N o'/%4, T o8 ) o (G0 ) oo
s a R A

P (continued)

' is given by:

*In this section we mean by "'scattering, ' coherent elastic scattering.

C CHEEL
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2
~ %)\d | (24_,2]_‘_‘/)‘ 4172'22_ s
—Nacr z (1 -7v¥(a 7 arZ AZ

2 2, 2 2
.COS(Z‘nz)_ 1 -‘)/(a2+zz) _*_‘)/)\2 <4‘" (z_+a) -2>o
: 47

2 2 2 2
Z +
.COS(ZTTVanta)jL YA Zz+a2 . (_@Tr__________ V)\a)+

(6.2.6)

We shall be interested below in obtaining the differential
losses by a slab dz at z = 0 + dz. We have then that z = 0 + dz<<a, so
o . ‘/ 2 2 .
that we may neglect sine and cosine terms of z + a since one must
assume some damping; scattered waves arriving at (r = 0; z = 0 + dz) from
r = a are much weaker than those coming from scattering centers closer by.

Doing this, KEquation (6. 2.6) simplifies to:
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o 2 2. A [an??
— 2 -
Es_Naa Adzidl -y(a +z )+ 5 5 -.4) .

47 A
eCOS Caliz —uz sin & 0e
A m A

(6.2.7)
A similar analysis in which the index of refraction or
N is constant, yields:
E -N%)\dz cos 2mz
s e : X (6.2.8)
n = const.

Since sin {A + B) = sin A cos B + cos A sin B=sin A + B
cos A, if B is assumed small, we have that the amplitude at P of a photon

wave in a homogeneous medium (N = const.) is:
2Tz

o zma 3 _
(E+Es)—sm>\ + Ng° Ad =z cos - =

1
~ sin<2):nz + Ng 2 xdz>
(6.2.9)

which shows that the amplitude is unchanged (no power loss) but that the
phase is shifted by N & 1/2)\ dz.

In the non-homogeneous medium on the other hand we

find from Equati~on (6.2.7) that:

E+E = sin sz-l)-\- zsinz’]Tz +
s A T A

(continued)
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1 2
+Na6'2>\dz((1-‘ya2)- 22 } cos &z,

(6.2.10)

where we neglected some terms on the basis thatA««a in practical laser
systems.

Comparing (6.2.10) with 6.2.9) we see that in addition
to a changed phase shift, a change in amplitude {power loss) occurs when
the medium is no. homogeneous. Since the power is proportional to the

square of the amplitude, we have:

YA .
d¥ =1 - (1 -1 % _ 2 (6.2.11)
¥ 1 T
or since we did our analysis at =z = 0 + dz:
d¥% 2y X
v = dz (6.2.12)
7o m
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We find thus from this zero-order analysis that:

K = ———= 21K (6.2.13)

For As Cl3, we have thatf = 4 x 10'4 (OK)‘I, K =0.017

o)
cal/cm - sec. K, so that for Neodymium-lased photons of 1. 06 microns:

1

K =3.97x 1077 Q, em” (6.2.14)

where Q is in ca.lories/cm3 . sec. Ior laser action it is estimated that on
the order of 1 KW per cm3 of input pump energy is required, or Q = 239
cal/sec . sec3. From (6.2.14), we find then that Kr = 0.95 x 10-4 cm-l.
It was assumed that ’)’<<1/a2 in the above analysis. For lasers of radius

a € 0.5 cm, the result should be fair, since y = 1.4 < 4.

7. PHOTON MULTIPLICATION BY STIMULATED EMISSION

7.1 General Considerations

In this report we are interested in luminescent liquid lasers.
Semiconductor liquid lasers will be discussed in Part B. We shall
furthermore restrict our analysis to inorganic lasers. Organic liquid lasers
are subject of intensive studies elsewhere.

For inorganic laser liquids the most suitable luminescent
centers that can be incorporated in the liquid lattice appear to be the rare
earth ions. Suitable inorganic host media are the liquid halides. The
halide liquids have some degree of structure and it is expected that the
internal electromagnetic fields are similar to those in solids of which a large
body of knowledge already exists, If direct nuclear pumping is considered,

one has the further advantage that little or no radiolysis occurs in halides.
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A list of promising liquid halides is given in Table 7.1. 1.
Of these AsCl3 and BC13 look convenient as hosts. The rare earth halides
NdCl3, UC13, SrnClB, EuC13, GdC13, ErCl3, etc., may be dissolved
in them as luminescent centers. Lasing photons from rare carth centers
are created by electron transitions between the inner ion-filled levels.
These levels are strongly screened from extra-atomic disturbances by the
outer electrons of the rare earth ion, which explains the line sharpness of
the emitted photons. Since the rare earth ions in liquid halides experience
a field which is not much different from that in glasses, it is expected that
the lines emitted by them should be approximately the same as that in glass.

The effect of the lattice fields on the linewidth of an inner
shell electron transition is very complicated to treat theoretically.
G. H. Dicke (D1) discusses some of the various effects qualitatively but
concludes that reliable information concerning these effects can only be
obtained experimentally. It was thought for a while that laser action in
liquids would be difficult to achieve due to the high internal electric field
fluctuations which would widen the lines considerably. However, several
liquids have been lased now and these zrguments appear to have been
exaggerated. It is important that the luminescent centers are in a relatively
constant field as evidenced by the fact that in the first liquid laser that
operated, the luminescent center was anchored in a large organic clathrate
molecule which shielded the center from outside field fluctuations. It may be
necessary to employ solutions of complex rare earth molecules rather than the
simple rare earth chlorides mentioned above in order to achieve laser
action. Experiments will be necessary to settle these questions. We shall
assume in all of the following that the rare earth chlorides will be lasable and
that the linewidths are comparable to those of the rare earth ions in solids.
Should it be found experimentally that this is not so, then all of the following
analysis is still valid if one finds a rare earth complex molecule instead of a
chloride that will lase, and one substitutes the former for the latter.

The method by which the electrons in the unfilled shells
of the luminescent centers are excited to lasable states can be either through

the absorption of a photon of the right energy, or by excitatior through energy
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——— IODIDE (GMS/CC) | BROMIDE (GMS/CC) |CHLORIDE (GMS/CC) | FLUORIDE (GMs/cCC)
ELE¥ENT M.P. ; B.P. M.P. ; B.P. M.P. ; B.P. M.P. ; B.P. -
(°c)  (%c) (°c) (%) (°c) (°c) (°c)  (°c)
\ SbIy (4.77) SbBra (4.15) 8bC1, (3.14) SbF, (4.38)
\ntimony 167 h(')l 96. 63; 280 73,§ 3 223 292? subl.
AsI3 (4.39) AsBry (3.54) AsClg (z.:;c’:)\ asFy (2.67) )
roende 1467 ko3 32.8°; 221 -187; 130 -8.5 ; 63
| . -~
L BI3 (3.35) mmry (2.65)) | [ B"l; . 43)\ ces
poron 33‘;210 ‘\33901/ . =10 125
CBr)y (3.k42) ccyy (1.595)
Carbon Decomnp. L8.4 ; 189.5 -23.0 ; 76.8 aae
Galy (L.15) Oa Bry (3.69) 0aCly (2.36)
el 2123; 345 121.5°; 279 T7.97; 201 —
Gely (L4.33) GeBry (3.13) geCly, (1.88)
Germanium 1k ; dec. 25.1 ; 185.5 -49.5 ; 83.1 Gas
PI3 ( ) PBr, (2.85 pciz (1.57)
PO 61 ; dec. -h03} 173 -9 3 75.5 Gas
81Ty, () 8iBry, (2.81) sicly (1.48)
SRS 120.5 ; 250 5 3 153 -70 3 57.6 Gas
8,Br, (2.64) 8,C1, (1.68) (1.62)
Sulphur LQZ; 54 -80 ; 136 g 3959
8nBry (3.34) 8nC1y (2.23)
in 31 ; 202 -33 5 11k
: ™cy, (1.73)
T tanium i -30 3 136.4,
Vanadium vcl, (1.82)
. -20 ; 14&.5
Alurd nuz: A1y (3.98) A1Bry (3.01) Aiciy (1.31)
1 3 360 97. 5 3 263 190, ; %83
52 ybd envm MoCls (2.93) MoFg (2.55)
! 19k ; 268 17 3 35
R NoBrg NuCls (2.75) NbF5 (3.92).
slonivs 150 } 362 194 x 254 T2 3 220

TABLE 7.1.1

Low Temperature Halide Liquids
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exchange with a free (conduction-band) electron. In the first technique a
flashlamp is used as pump source whose output spectrum peaks at the
desired pumping energy level. In the second technique, electrons are ex-
cited from the Lalcnce state to an cxcited state or to the ceonduction band
of the host medium by enargetic particles or radiation from a nuclear
source. The electrons then collide with the liminescent centers and
transfer their energy to the center resulting in the excitation of one of
the electrons of the unfilled shells to a lasable state. The latter mechanism
is one that takes place in scintillators of radiation counters. It will be
discussed in more detail in the next section.

In order that the mechanisms described result in the
efficient formation of lasable states and in a lasable populaticn inversion,
many conditions must simultaneously hold. We shall examine these conditions

in the following sections.

7.2 Spectroscopic Data of the Rare Earth Ions

In order to calculate the multiplication constant Kl defined
in Section 2, certain spectroscopic constants of the lasing transition must
be known. We shall investigate these parameters in this section.

In Figure 7.2.1 (composed by G. H. Dieke), the observed
energy levels of the trivalent rare-earth ions are shown. Lasing action
takes place for jumps between lower-lying metastable states as shown for
Na’t,

By absorption of a quantum or by excitation during a free
electron - luminescent center interaction, the electron is excited to one of
the upper states or bands from where it rapidly cascades downwards till
it is trapped in a metastable state, which constitutes the upper lasing level.
Little theoretical work has been done to determine what fraction n c of the
pumped-up higher levels cascades to the upper lasing level of interest. The
problem is rather complicated and varies from case to case. The selection
rules Al = i l, etc., are of some help, but most information to date has been

obtained experimentally. In our analysis below we shall arbitrarily assume
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FIGURE 7.2.1 Observed energy levels of the trivalent rare earth ions

The width of the levels indicates the total separation of the Stark
components in the anhydrous trichlorides (with a few exceptions). A
pendant oircle means fluorescence observed from this state.
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that n _ = 0.2, that is 20% of the pumped electrons will cascade to the
desired upper lasing level.

In Section 4, we determined that the fundamental
resonance in AsCl3 was 4.76 ev. This is the energy that can be absorbed
by a valence electron of the Cl ions of the host medium. Thus if these
electrons are excited to this level and the exciton is passea on till it
collides with a rare earth center, 4. 76 ev can be absorbed by the center
which is of the right magnitude for pumping (see Figure 7.2.1). Energy
absorbed by electrons that are boosted to the (estimated) 9 ev conduction
band, can also be conveniently disposed of at the centers through the
dropping of the electron from the conduction band to the excitation level
with the transfer of 9 - 4. 76 = 4. 24 ev to the center for excitation. The
remaining 4. 76 ev is transferred as an exciton and can activate a second
luminescent center.

Dieke (D1) has studied a large number of rare earth salts
and finds that the chlorides of the rare earths exhibit many fluorescent
lines and more so than nearly all other salts. This finding seems to support
the idea that excited electrons from C1 ions have the proper energies in
lattice structures to efficiently induce fluorescence in the rare earth ions.
It appears, therefore, prudent to choose a chloride as the host medium.

Kittle (K1) cites a lot of evidence that excitons in halides
can diffuse over distances of at least 1000 lattice constants and transfer
their energy upon encountering a center. In Copper-doped Zinc Sulphide, a
similar mechanism transfers 10% of the incident energy of nuclear radiation
(which boosts electrons of sulphur ions into the excitation state and into the
conduction band) into emitted light from th-eﬂl.llrninescing Copper centers.

if the pump source is photonic rather than nuclear, it is
expected that the electrons from the C1 ions will also aid in exciting the
luminescent centers. The source's photon energy distribution will peak
somewhere in the neighborhood of 2 - 4 ev in order to pump effectively.

A considerable number of photons of energy above 4. 76 ev will, therefore,
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also be present and these will excite the C1  valence electrons to excited
states. The resulting excitons will then pump the centers as before.
Three important spectroscopic quantities which are
needed iu addition to 7 o are the spontaneous lifetimes of the upper and
lower lasing level, T and 7 1 and the spontaneous relaxation time fgi
the particular 2—1 transition, which we shall designate by r. For U
a value for 7 = 130 4sec has been measured. Based on this value, it is
estimated that "':,"2“’:::125/asec and T} =8 «sec. It was found further that
above 90 c’K, de-excitation by phonons becomes important and it was

determined that 7 = 15 sec at 300 °K. The phonon-assisted de-excitation

rate cons:ant is thus:

_ _ 1 1 _ I -1
Kp(T—300)_ 5 - 130 - 17 = 0. 059 sec °,

for Uranium.

For Neodymium and the other rare earth ions, little data
on 7, T, and T, have been published. For lack of anything better, we
shall use the values for the Uranium laser transition in calculations aimed at
estimating laser action by rare earth ions.

7.3 The Laser Multiplication Coefficient

When a photon of lasing frequency encounters a luminescent
center in the upper lasing state(2), it will stimulate the de-excitation of this
state to the lower lasing level (1) and produce a second photon of the same
frequency coherent with itself. Thus multiplication takes place. When such
a photon encounters a center in the lower lasing state (1) however, the inverse
process takes place, and the photon is absorbed. It is clear that if photon
multiplication is to take place, there should be more centers present in the

medium in the upper lasing state(2) than in the lower state (1).
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Schawlow (S1) shows that for excited state densities N1

and NZ’ the laser multiplication constant Kl is given by:

\

@/2 % / _
Klequn Ké\ﬂ)g_l kl‘lz_____lfi)

T

where:
AV = Spectral linewidth of the 2-=1 spontaneous

transition, cps

A= Wavelength of photons emitted by 2 1 transition,
cm
Nl’NZ = Population densities of active atoms instate 1 and 2

respectively, atoms/cm
21,8, = Statistical weights (multiplicity) of lower (1) and
upper (2) states
T = Mean life for spontaneous emission of photons from

state 2 to state 1, sec.

The reason why physical constants for spontaneous emission
enter in Equation (7. 3. 1) is that the absorption and stimulated emission
probabilities for a photon-excited center encounter are related to the intrinstic
properties of the 2—1 trausition, the latter being most easily expressed in
terms of constants that can be measured from spontaneous 2—1 emissions.
Einstein first derived the basic relations between the rate constants or
probabilities for absorption , stimulated emission, and spontaneous emission.

We next define the ''critical laser ratio " Clz:

Nl
Cip = T (7.3.2)
For laser action to be possible at all, C12 must always
be less than 1, that is:
C12 < 1, for laser action. (7.3.3)
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Substituting C12 in(7.3.1), we obtain:

w2 JE ()82 X
1 Av Y7 g8 12

T g]. il

oo

nec.

(7.3.4)

The parameter C12 depends strongly on the kinetics of the

densities of states 1 and 2 and will be discussed in detail in Section 7.5.
It depends on temperature, pressure, chemical kinetics and a number of
other effects.

In Section 7.5, a kinetics analysis is made yielding ex-
pressions for N. a1:1c1.T\I1 under steady state conditions. Substituting thes

values for N2 and Nl into (7. 3. 4) and simplifying, yields:

f Br
ZBZ

K. =0.431cQ
1 s

(1 - 'ylz) BTl + 1 4 KplTl

-1
5 , cm
1 T 1+B -
( +BTlJer1 ) y12T2+Kp2 T MBI T,
where:
c, = constant defined by Equation (7. 4. 4).
Q = Pumping power density
- S . photons
d Photon flux inside cavity, “——%—
cm’ sec
f, = T,/T
Y1l2 = gl/g2
g 2
B = 0.0867 -2 A% 1
g1 TAV Sl
41
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K . = Rate constant for de-excitation of level

c . . -1
i by phonon interaction; sec

(All parameters are in cgs uniis.)
If phonon de-excitation is negligible, Equation (7. 3. 5) reduces

to:

- T
Br, | 1-%,)B7+1

2 1
K. =0.431c Q
1 s oo} [1 + B (rl +712 TZ) (7.3.9)

With neglect of phonon-assisted de-excitation, we have that

dNZ dN2 N2

(- ) pumping = dt ) stimul. * T, ) spont. (7.3.10)
emission emission
(lasing)

.

Now, under steady-state conditions, the loss of laser photons from the

system must equal the rate of stimulated emissions, and so:

(iN—Z) L P (7.3.11)
dt . L T
stim.
emission
where:
<k = Laser "absorption'" coefficient defined by

Equation (2. 1. 3)

L = Length of laser, cm
Tr = Transmission coefficient of laser reflectors
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From (7.3.11) and (7.3.10), we then have for & :

r

< L N
_ _L 2 .
P = T e <CSQ- = > (7.3.12)

Substituting Equation (7.5. 3) for NZ’ we get:

o "2 P
d = T s 1+B('r1+)/12'r2
r (7.3.13)
Substituting this value for & in (7. 3. 8) and solving for B, we get:
2 =1
B = 0.0867f)22 L; CsQ
(1,7, T,) &V ;
1912 2 r (7.3 14)
Also ®is solved explicitly now:
<1
(7127 Le .
= s
1 N2 I, (7.3.15)
With (7.3.14) and (7.3.15), Equation (7. 3.9) reduces to:
ﬁ
fzz )\2 1+(1-~)/12)B'r1
K =0.0374 c Q 7.3.16
ylZAv s L+ BT +7,T,) ( )

Equation (7. 3. 16) with (7. 3. 14) completely specifies K1 in terms of pumping

L

power and laser parameters. The factor e which appears in the ex-

pression for B, haso in it which contains Kl' Thus expression (7.3.16) does

not give Kl explicitly. However, in nearly all cases, e 345 ~—1, so that K1
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may be calculated directly from (7.3.16) and (7. 3. 14).

Finally, we need an expression for the pumping power

density Q in terms of laser parameters. Inverting (7.3.16) we get:

2

ol

Ay 0.431/y -th 2K
Q=11.52 o + &
c f2>\ ho ho
S
0.431/y, _I_{_l Watts
N ho ) ’ 3
cm
where: .
o - 0:862 (L-7,)0 7
Y2 T1T7127
. Lot i
T
Tr
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(7.3.19)
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7.4 Nuclear Chemogenics

Though photonic pumping is also of interest and most of the
analysis presented applies to the case of photonic pumping as well, we shall
make a special study of nuclear pumping, since it appears to be particularly
suited for the activation of liquid halide lasers. The advantages of direct
nuclear pumping over photonic or electronic pumping have been discussed
elsewhere and will not be entered into here (E1}.

The concept of nuclear pumping involves using the energy of
fission fragments directly to pump lasers and the design of integrated laser
rod/fuel elements to form a compact lasing nuclear reactor in which the
reactor's energy is directly converted into lasing light.

The simpliest design of such a nuclear-fueled laser element
3 in which UC13

is dissolved. The latter would simultaneously serve as nuclear fuel and

would consist of a tube filled with a liquid halide such as AsCl

luminescent center. Should other frequencies be desired, other rare earth
halides such as NdCl3 or CrCl3 may be added to the solution.

When a fission fragment passes through a liquid, it trans-
fers energy to and is stopped by the electrons in the liquid, resulting in
ionization. Each fission fragment starts out with an energy of about 100 Mev
and produces on the order of 107 ions in its track. The mean free path of
a fission fragment is on the order of ten microns in a liquid, so that for a
volumetrically distributed source nearly all the energy of fission is deposited
in the liquid.

In reference EZ2, the detailed theory isgiven of the formation
of the various chemical species, termed ''chemogenes' by fission fragments.
In liquids such as AsC13, the dominating 2:nergy transfer process will be the
excitation of the valence electrons of Cl into the conduction band. The
kinetic energy of the electron in the conduction band is usually on the order
of the band gap energy. Thus for liquid AsCl3 with Eg = 9 ev, the energy

transferred per electron is approximately AE = 18 ev. If the nuclear fission
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source amounts to Q watts per cm3, we have then that the production of

. 3 0 g
chemogenes Ci or electron-hole pairs per cm™ per second is given by

dC,

1o 6.23x10%® 2 .

electrons
dt AE ~

3.46 x 10170,

cm -sec (7.4.1)

Equation (7.4.1) is only a crude estimate, as the probabilities for the
formation of other states have all been equated to zero and only the
valence to conduction band excitation is assumed to take place. After the
conduction electrons have diffused through the lattice and lost most of their
kinetic energy the electron hole pair will recombine at a luminescent center
site where the recombination energy causes the excitation of the center.
The recombination will probably take place in two sieps as described in
Section 7.2, the overall result being the excitation of two centeré per re-
combination.

We shall conservatively assume the excitation of one
center per electron-hole recombination, and assume further that 20% of
the excited states will cascade into the upper lasing level. With these

assumptions, we finally obtain:

dNZ S 16 tates 2 (7.4:2)
—7—=10.20 l-6.92x 10 °q, 2225 2
' cm -Sec
For liquid lasers in general, we may write:
dN2
——d-r— = Cs Q 5 (7.4. 3)

. . . 3
where c isa constant and Q is the nuclear power density (watts/cm™).
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The constant cg is defined by:

18 n7nc ( atoms )

S 6.23 x 10 AT Toule (7.4.4)
where:
n. = cascade efficiency
AE = average energy dissipated to excite

host electron.

If absorptive losses can be neglected and if lasing is well
above threshold, the efficiency of the nuclear-energy to lasing-light con-

version for rare-earth chlorides dissolved in AsCl3 is:

overall

= 8.2 hy g, hvy % (7.4.5)
18

where hy, is the energy of the emitted laser photons in ev., For

1
Neodymium-lased photons of 1. 06 micron wavelength, hv1 = 1.168 ev, and the

efficiency is thus 1.3%. In gencral, the efficiency is given by:
n = N %}—1—
overall C E (7.4.6)

7.5 The Critical Laser Ratio

The critical laser ratio C,, was defined by Equation (7. 3. 2).

12
Its value is determined by the rate equations which govern the production and
depletion of the upper and lower lasing levels.

For the upper lasing level (state 2) we may write:

1
2
dN, €2 (Mn2) & &
- S 9- 2 Av (Nz'g_'Nl)+
8171/1 T 1 1
(continued)
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2
ST, sz 480 0% (7.5.1)
and for the lower level:
Ny ¢ (1n2)° e 2
at 2 o WNy-gm N+
81TV1 T 1 1
N X (7.5.2)
= _TT - Kp (T) N1
1 1
where:
d = Laser beam photon flux inside cavity,
pho’cons/cm2
V1 = Laser photon frequency
Avl = Linewidth of lasing transition
T = Time constant for spontaneous 2->1
transition
T 5 = Natural lifetime of upper state 2.
L= Natural lifetimes of lower state 1.
cg = Constant defined by Equation (7. 4.34)
Q = Nuclear power density, watts/cm
c = Vclocity of light
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Statistical weights of upper and lower

82 81
state respectively
Kp (T) = Temperature-dependent rate constant for
. phonon-assisted de-excitation of an excited
state 1i.
dN2 le
For steady-state conditions, = = 0, and
. dt dt
we obtain
c OB+ + K )
° 1 Py
N2 = )
1 1 g
(—B+jr—+K B+j}_—+K - B2 (7.5.3)
g2 2 B 1 P &
¢, Q %1 g
= g2
Nl
g g
1 1 7.5.4
(_B+T+K il ik |- 2 p2 19,5.4
g2 B 1 P &
1
1 2
(min2)? <% (%2/8) d
where: = 2 =
8m vl T AVl
\2 (7.5.5)
d g s Do
= 0.0867 _e
’TAUl g,

where all parameters must be in cgs units.

49




M HD research, inc.

The critical laser ratio is then obtained by dividing

(7.5.4) into (7. 5. 3) and we get:

If, as is usual, the spontaneous emission rates at the lower level are
high compared to phonon-assisted loss rates so that Kpi may be neglected

in (7. 5.6), we get that:

g1/ &

12 1
1 —_
t BT

It is clear from (7.5.7) that for strong laser action we must have the

conditions:

pel (1 .58
o\&1 B2~

From Equation (7. 5. 5) we may write this as:

2
Ao T 1
0.0867 < = (7.5.9)
Avl 7 (1—g2/g1>

Thus, the photon flux in the laser beam should not be too
high, otherwise the stimulated emission it induces will "flood'" the lower

laser level which cannot depopulate any faster than at the rate 1/ 7 1
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7.6 Threshold Conditions
For laser action, Equation (2.1.9) must hold. At threshold

B =0, so that:

< = E/L (7.6.1)

and

(7.6.2)

where for convenience we lump all losses into one factor:

(7.6.3)
5 + K
C><a Ka * Kr * Ks d
From Equation (7. 3. 17), we find then that at threshold
power, we have:
.52 0.4 2
Qo poig Slo 20 () zAV ((1- R) (1 + —-31R>-a'aL +
resho c £1°L6 N2
s 2
\2
+ 26R (1-R)}{X L - (1-R)
a /
0,431
- [(1-R) <1 + —3——E—{->-u L =
y a
12
. 0.431R
:LlleK C-R)1+ ===l Lo
c £,X18 "2 (7.6.4)

26R(1 R) (& L~ (1-R) h
0,431 -1

z
(1 R) —R—]-NL>
"2 &
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where we used relation (7.3.19) at threshold conditions:

L L
KT ¥ ETTm (7.6.5)

hthreshold

and further used the approximations:

Tr: 1-R, (7.6.6)
and:

(7.6.7)
=z -InR= 1-R ,

which are not bad for most reflectors.

The parameter 8 was defined by Equation (7. 3. 18):

0.862 1Y) T
"5 TN T2
By inspection of (7.6.4), we find that if 8 is positive,

a minimum occurs in the bracketed quantity when:

6 =

L - 1-R (1+0.431R ) (7.6.8)
X a "2
In this case chreshold becomes:

[N

1
2
10.7 Av R (1-R) ( 5 ) ) 10. 7 AV Ro_(y,,/6)

Q =
threshold 2 9% 2
c f,A7 Lb 12 c LAy, + 0.431R) (7.6.9)
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If 6is negative, the minimum occurs when:

2 (1-R) 0.431R
S =—— I e— O’
L 1+ 5 + 6R + 2 62R2+6R(1+ 215_R_) (7.6.10)
A a 12 Vi
12

The threshold energy is then:

(11.52 Av (1-R) {_l+ Y12
threshold :lcsfzxz L (-6)

7, + 0- 215R (7.6.11)
YIZBRQ+2 1+ S BR
A1 201+ 12

0.431R]
L3

Q

¥, + 0.431R
8. THE AsCl, (NdC13) AND AsCl3 (UC13) LASER SYSTEMS
8.1 Conditions for Lasing

In the .previous sections expressions were obtained for the
cross-sections of lossy and multiplicative processes important to laser

action. We are interested to apply all this information to the AsCl, (NdCl1

3 ¢ 3)

and AsCl3 (UC13) systems, and determine whether laser action can take
place, and what the threshold power requirements are.

In Table 8.1.1, calculated values of the various physical
parameters which determine laser action are tabulated for As Cl3 (UC13)
and AsCl3 (NdCl3).

for the required threshold power levels:

Substituting these values in Equation (7.6.4), we find

Qu3ty = ’_?Lf"_a Y({I—R) (0. 517R) - o,oze)L)2 ¥

—

+0.0246R (1-R) (0.026 L - (1-@]2 +

_EI-R) (0.517TR + 1) - 0.0Z()L]} Watt;

cm

53

. 1)




M H D research, inc.

. _ 33,940
e (1-R) {(0.251R + 1) - 0. 114 L |+
(Nd™ )
-
_[<(1-R) (0.251 R + 1) - 0. 114L)2+
1
- 0.0258 R(1-R) (0.114L - (1-R)]2}, Wat;s (8. 1.2)
cm
TABLE 8.1.1 Calculated Laser Constants for AsCl3 (U3+)
and AsCl, (va3t )
9 — , ;
I | |
i Parameters AsCl, (UC1lz) AsCl, (NaCly) -‘
| 3 (UCL3 3 3 g
;
] : . |
! i ! !
g .‘ 1z | 7 |
. J |
g, | 10 | 12 |
¥y 12 \ 0.833 1 1,71k
l ]
T, (sec) 125 x 10-6 : ~ 125 x 10-6
i i
T4 (sec) 8 x 10-6 ! ~ 8 x 10-6 ?
]
| 1
~r -6 § ~ -6 :
o 130 x 10 ; 130 x 10 |
f . 0.96 i 0.96 t
16 _atoms | 6 16 atoms
Cq 6.92 x 10 = ; .2 x 10 ——
|
Av (cps) 1.20 x 1019 ; 2.83 x 1010
i
X (cm) 2,49 x 10-k 1.06 x 104
K, (em-1) 0.026 0.11k
K. (em™1) 3.97 x 1077 @ 3.97 x 1077 q *)
Ky (em-1) 0.9 x 1078 y 2.45 x 10T y %)
Ky (em=1) Very small ! Very Small
§
o, (em~1) 0.026 | 0.11L
i
{
N overall 0.58% | 1.30%
|
‘*)Note: Yy = Mole Fraction. of Rare Earth Chloride in Host Chloride.

Q = Input Power, Watts/cm3.
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For the (U3+) laser, 820, so that when

L= 38.45 (1-R) (0.517R + 1), cm

we have from (7. 6. 9):

_ 221.6R (1-R) _ 5.76 R Watts
threshold L ~ (0.517R + 1)’ . 3

m

Q

For the (Nd3+) laser, 8 < 0, so that when:

7.
L =17.54 (1-R)(1 + 0.238R + 0.0258R J10.72+ R5>’ cm

we have a minimum in required threshold power given by:

(8.1.3)

(8.1.4)

(8.1.5)

:

chre shold ~ L

J 77.5
_ 33,940 (1-R) (1 + 0.251R) |, 2{1 0.022R(1 +Yl0.72+ =%

1.714 + 0.431R

0.022R (1 + 10,72+ 77. 5/R‘H

1933 (1+ 0.251 R)[l -2 f\l o 1% +6.%31 R

1+0.238R + 0.0258R \\10,72 + 77.5/R

Watts

cm
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For R = 0.99, we finally get:

2
3.77 watts/cm”

1280 watts/cm3
5.81 cm

2.59 cm
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ABSTRACT

Light scattering loss in liquids due to thermal density fluctuations
1s Lriefly treated. Starting with the differential scattering cross section
for a single molecule, the cross section for the bulk material is obtained
by summing over all the molecules in a given region of the material. The
contribution to the cross section due to density fluctuations is then used
to obtain the desired extinction coefficient for scattering. An order-oi-
magnitude calculation of the extinction coefficient for a typical liquid is

made. The result is compared with mirror losses and is found to be

relatively small.
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SCATTERING LOSSES IN LIQUID L ASERS

I. INTRODUCTION

Calculations of the threshold condition for lasing commonly equate
the induced power to the resonator losses due to absorption and transmission
at the mirrors. In addition to mirror losses there are other losses to be
considered. There are losses due to scattering from mirror imperfections.
There is diffraction loss at the mirror apertures. Within the laser medium
there are absorption losses and losses due to scattering by optical inhomoge-
neities. According to Kaiser and Keck(l) losses due to scattering by optical
inhomongeneities in laser crystals can greatly exceed the mirror losses.

In general the scattering losses in solid media arise from inhomoge-
neities in density and anisotropy. °) The locez. inhomogeneities may be

(3)

"frozen'" in the material.

(4,5)

There are, however, always fluctuations due to

thermal agitation.

The liquid presents a somewhat different situation in that the frozen
inhomogeneities are-absent, but the scattering due to thermal fluctuations in
(6)

density and anisotropy may be greater than that in a solid. Rudimentary

analysis shows that the extinction coefficients due to density fluctuations is

(1) W. Kaiser and M. J. Keck, J. Appl. Phys. 33, 762 (1962)

(2) M. Goldstein and E. R. Michalik, J. Appl. Phys 2_6, 1450 (1955)

(3) P. Debye and A. M. Bueche, J. Appl. Phys. 20, 518 (1959)

(4) R. D. Mauer, J. Chem. Phys. 25, 1206 (1956)

(5) G. Oster, Chem. Revs. _4_13, 319 (19438)

(6) J. Frenkel, "Kinetic Theory of I iquids,' p 294, Dover, N.Y., 1955
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proportional to the isothermal compressibility of the material. By way of
. (4) .
comparison,the room temperature compressibility of most glasses' ' is on

12

the order of 10~ cmz/dyne, while the compressibility of liquids may be

50 to 100 times larger. (7
The following is an introductory treatment of the simple case of
coherent scattering due to density fluctuations in a pure liquid composed of
non-polar spherically symmetric molecules. The discussion is developed in
a form which is intended to provide a basis for later inquiry into the more
complicated questions including scattering caused by anistropy fluctuations,

(6)

cybotactic clustering and macroscopic inhomogeneity due to pump heating.
Starting with the differential scattering cross section for a single molecule,

the cross section for the bulk material is obtained by summing over all the
molecules in a given region of the material. The contribution to the cross

section due to density fluctuations is then used to obtain the desired extinction
coefficient for scattering. An order-of-magnitude calculation of the extinction co-

efficient for a typical liquid is made. The result is compared with mirror losses

ard is found to be relatively small.

(7) D. Gray, "Amer. Inst. of Physics Handbook, " p 2-164, McGraw-Hill,

N.Y., 1957
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II. SCATTERING CROSS SECTION

From a classical point of view the scattering process is described
simply as follows. When a beam of light traverses matter, the electric
field causes periodic oscillations of the electrons in the material. These
oscillating electrons reradiate the incident energy in the form of scattered
radiation. The intensity, angular distribution and polarization of the
scattered radiation is determined by the distribution, orientation and
polarizablities of the molecules of which the material is comprised.

Quantum mechanically, the description is somewhat different. (8)

The scattering process consists in the absorption by a molecule of the incident
photon of propagation vector ,{_éo and the simultaneous emission of a photon ,é .
The process is of second order in that two quanta are involved. If the final

and initial states of the molecule are the same, the scattering is ''coherent”
(Rayleigh scattering); the wave length of the scattered quantum is the same

as that of the incident quantum. If, however, the final state differs from the
initial state the wave length of the scattered quantum is not equal to the wave
length of the incident quantum (Raman scattering).

Consider first the coherent scattering of a beam of photons with a
propagation vector ’/fo along the polar axis of a spherical coordinate system
and polarized in the g =0 @ = 7772 direction. The differential cross section

for scattering of the photon into a solid angle a({‘z/ in a direction & with

(8) W. Heitler, '""The Quantum Theory of Radiation,' p 189, Oxford Univ.
Press, London, 1954
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respect to the direction of _/_éo is
. # o) -elked)y,z
a/g = ,é’ o /C’ ﬂ—— .rmz&c;s‘zﬁ/ a//)-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>